Introduction
The incidence of malignant melanoma has increased steadily over recent decades. An estimated 76,250 new melanoma cases will be diagnosed in the United States in 2012 and 9180 are expected to die of their disease [Siegel et al. 2012] . Cutaneous melanoma which is detected at an early stage is usually cured by surgical excision, but a proportion of patients experience nodal or distant relapse. Metastatic melanoma is considered to be one of the most challenging malignancies to treat and is associated with a poor prognosis; median survival ranges from 8 to 18 months depending on substage [Balch et al. 2009 ].
Until recently, the only approved systemic treatment options for patients with metastatic melanoma were limited to dacarbazine (DTIC) and interleukin (IL-2). The response rates (RRs) to cytotoxic chemotherapy and cytokine therapy are low. Dacarbazine has a RR of about 10% with median response duration of 4-8 months [Chapman et al. 1999] ; IL-2 has a similar RR of 16%, but up to 5% achieve a durable complete response [Atkins et al. 2000 ]. An analysis of 30 phase III trials of chemotherapy combined with hormone or immune-based therapies found that while the RR increased with combination treatment, so did toxicity, and there was no improvement in overall survival (OS) compared with DTIC alone [Eggermont and Kirkwood, 2004; Eggermont and Schadendorf, 2009 ]. In the last 2 years, two new agents, the anticytotoxic T-lymphocyte antigen 4 (CTLA-4) monoclonal antibody ipilimumab and the BRAF inhibitor vemurafenib, have improved survival in patients with metastatic melanoma in randomized controlled trials and have been approved for treatment Hodi et al. 2010; Robert et al. 2011 ]. These agents are undergoing further evaluation in a range of clinical settings as monotherapy or combination therapy. This article summarizes the clinical development of novel treatments for metastatic melanoma, including molecularly targeted therapy and immune-modulating agents, and discusses how their use might be optimized in clinical practice to improve outcomes in this challenging solid tumour type.
(CD117), the phosphoinositol 3 kinase (PI3K)/ AKT/mammalian target of rapamycin (mTOR) pathway and GNAQ/GNA11, and are discussed in the following paragraphs. The common oncogenic mutations in melanoma subtypes are summarized in Table 1 .
The RAS/RAF/MEK/ERK MAP kinase pathway is central to the pathogenesis of cutaneous melanoma. When constitutively active, it promotes cellular proliferation, survival and invasion [Hocker et al. 2008] . The major driver of this pathway in melanoma is mutant BRAF. The activated BRAF protein causes subsequent phosphorylation and activation of MEK, followed by ERK.
BRAF
BRAF mutations in malignant melanoma were first described in 2002 [Davies et al. 2002] . The discovery of a BRAF mutation in over half of malignant melanomas strongly suggested its oncogenic potential. Over 40 distinct BRAF mutations have been described in the literature [Garnett and Marais, 2004] . The most common somatic BRAF mutation occurs in exon-15 and involves a substitution of glutamate for valine at codon 600 (V600E) [Cheng et al. 2011; Davies et al. 2002; Long et al. 2011] . The V600K and V600G/R mutations are less common and represent about 16% and 3% of BRAF mutations respectively [Davies et al. 2002; Long et al. 2011] .
Approximately 50% of all melanomas harbour an activating mutation in BRAF [Curtin et al. 2005; Lee et al. 2011; Maldonado et al. 2003 ]. Features of the primary melanoma that are significantly associated with a BRAF mutation include superficial spreading and nodular histopathological subtypes, presence of mitoses, presence of a single or occult primary, truncal location and younger age (less than 50 years) at the time of diagnosis [Long et al. 2011] .
Compounds that inhibit BRAF have now been developed and are highly clinically effective. Two selective BRAF inhibitors have been tested in phase III studies against chemotherapy (DTIC), showing an improvement in OS. Vemurafenib (PLX4032, Zelboraf, Roche Pharma AG, Germany) is an oral, highly selective and competitive inhibitor of mutant BRAF. The BRAF in melanoma (BRIM-3) phase III study compared vemurafenib (960 mg twice daily orally) with DTIC (1000 mg/m 2 every 3 weeks intravenously) as first-line treatment in patients with BRAF V600E-mutant metastatic melanoma . The RR was 48% for vemurafenib and 5% for DTIC with a median progression free survival (PFS) of 5.3 months in the vemurafenib arm compared with 1.6 months in the DTIC arm [hazard ratio (HR) 0.26; 95% confidence interval (CI) 0.20-0.33, p < 0.0001]. Recently, updated survival data were presented [Chapman et al. 2012] ; after a median follow up of 12.5 months for patients treated with vemurafenib and 9.5 months for those randomized to DTIC, the OS was 13.6 months in the vemurafenib arm compared with 9.7 months in the DTIC arm (HR 0.70, 95% CI 0.57-0.87, p < 0.001). Around 25% of patients had crossed over to the vemurafenib arm at the time of the latest analysis, which could have underestimated the survival benefit with vemurafenib. The overall RR (ORR) with vemurafenib was higher (57%) compared with the initially published results in 2011 (48%) but not all patients were evaluable for response assessment at the time of initial publication. The complete response (CR) rate was also higher (5.6%) and about 51% of patients had a partial response (PR). The most Table 1 . Estimated frequency of common mutations in different melanoma subtypes.
Melanoma type Common genetic mutations
Cutaneous BRAF ~ 50% [Davies et al. 2002; Cheng et al. 2011; Long et al. 2011 ] V600E 80% V600K 16% V600G/R 3% NRAS 20% [Goel et al. 2006; Jakob et al. 2011] Acral/mucosal c-KIT 10% [Curtin et al. 2006; Jiang et al. 2008] BRAF/NRAS <10% [Wong et al. 2005 ] Uveal GNAQ ~ 45% [Onken et al. 2008; Van Raamsdonk et al. 2010 ] GNA11 ~ 60% [Onken et al. 2008; Van Raamsdonk et al. 2010] frequent grade 2 and higher adverse events (AEs) associated with vemurafenib were arthralgia (21%), rash (18%), fatigue (13%), alopecia (8%), photosensitivity (12%), nausea (8%) and diarrhoea (5%). Cutaneous squamous-cell carcinoma (SCC), keratoacanthoma (KA) or both developed in 18% of patients, but in all cases, required simple excision only. Dose interruption and modification for toxicity were necessary in 38% of patients.
Dabrafenib (GSK2118436) is a reversible selective inhibitor of mutant BRAF. Results of a phase III study (BREAK-3) were recently published . Patients with previously untreated, unresectable stage III or IV BRAF V600E-mutated melanoma were randomized (3:1) to dabrafenib (150 mg orally twice daily) or DTIC (1000 mg/m 2 intravenously every 3 weeks). Dabrafenib demonstrated a significant improvement in PFS and RR over DTIC with an acceptable safety profile. The median PFS was 5.1 months for dabrafenib and 2.7 for DTIC (HR 0.30 95%, CI 0.18-0.53, p < 0.0001). The ORR was 53% for dabrafenib (PR 50% and CR 3%) and 19% for DTIC. Survival data were not presented. Common grade 2 and higher AEs associated with dabrafenib were hyperkeratosis (12%), headache (5%), pyrexia (11%), arthralgia (5%), and skin papillomas (24%). Interestingly, despite being a drug of the same class as vemurafenib, the incidence of SCC/KA (6%) and photosensitivity (3%) seems to be less with dabrafenib compared with vemurafenib. However, dabrafenib caused pyrexia in 28% (all grade) of patients, a side effect not commonly observed with vemurafenib.
Two nonselective BRAF inhibitors have been evaluated in clinical trials. Sorafenib is an oral small-molecule multikinase inhibitor targeting BRAF, CRAF, vascular endothelial growth factor receptor, platelet-derived growth factor receptor (PDGFR), c-KIT, Flt-3 and RET. It has been tested in phase II/III studies as monotherapy or in combination with chemotherapy (carboplatin/ paclitaxel and DTIC) but failed to show an improvement in OS [Eisen et al. 2011; Hauschild et al. 2009; McDermott et al. 2008] . RAF-265 is another small-molecule multikinase inhibitor of mutant/wild-type BRAF and VEGFR. In a phase I study, RAF-265 was associated with a RR of 16% in BRAF-mutant melanoma and 13% in BRAF wild-type melanoma [Sharfman et al. 2011 ]. Due to dose-limiting haematological toxicity, a modified dosing schedule will be evaluated [ClinicalTrials.gov identifier: NCT00304525].
MEK is another therapeutic target downstream of BRAF. Trametinib (GSK1120212) is an oral small molecule, selective inhibitor of MEK1 and MEK2 [Gilmartin et al. 2011] . The results of the first phase III study with the MEK inhibitor trametinib were recently reported . Patients with advanced BRAF-mutant melanoma were randomized in a 2:1 ratio to receive either trametinib (2 mg orally) once daily or chemotherapy with DTIC (1000 mg/m 2 ) or paclitaxel (175 mg/m 2 ) every 3 weeks. Median PFS was 4.8 months in the trametinib group compared with 1.5 months in the chemotherapy group (HR 0.45, 95% CI 0.33-0.63, p < 0.001).
The rate of OS at 6 months was 81% in the trametinib group and 67% in the chemotherapy group despite crossover (HR 0.54, 95% CI 0.32-0.92, p = 0.01). The most common grade 2 and higher side effects associated with trametinib were rash (27%), fatigue (9%), diarrhoea (6%) and peripheral oedema (5%) but were not serious for the majority of patients. In contrast to BRAF inhibitor therapy, secondary cutaneous neoplasms have not been reported with trametinib. Ocular toxicity (mostly grade 1 or 2) occurred in about 9% of patients in the trametinib group. Blurred vision was the most frequent ocular adverse event (4%); grade 3 chorioretinopathy occurred in only one patient but was reversible. Fourteen patients (7%) had reduced ejection fraction in the trametinib group and treatment was permanently discontinued in two patients due to grade 3 cardiotoxicity attributable to trametinib.
Selumetinib (AZD6244) is a selective non-ATP competitive inhibitor of MEK1 and MEK2 [Yeh et al. 2007] . A phase II study comparing selumetinib with temozolomide, failed to improve the PFS in patients with unresectable stage III/IV melanoma, but the study population was not selected for BRAF/NRAS mutations [Kirkwood et al. 2012 ].
In the overall population, an objective response was observed in six (5.8%) patients receiving selumetinib and nine (9.4%) patients in the temozolomide group. Among patients with BRAF mutations, objective responses were similar between selumetinib and temozolomide groups (11.1% and 10.7%, respectively). The time to death (TTD) analysis carried out after 130 deaths suggested an improved TTD with temozolomide compared with selumetinib (369 days versus 284 days respectively) but that was not statistically significant (HR 1.351, 95% CI 0.95-1.93, two-sided p = 0.099). Possible reasons for lack of improved survival with selumetinib were explored but no definite explanation was found. Despite a nonsignificant improvement in TTD with temozolomide compared with selumetinib, there were no differences in other efficacy endpoints (PFS and ORR) between the two groups. A high crossover rate between the two groups (61% temozolomide arm versus 25% selumetinib arm) and any subsequent therapy could also have impacted the results.
NRAS
The frequency of NRAS mutations in melanoma is about 20% [Goel et al. 2006; Jakob et al. 2011] . RAS is a difficult druggable target but there is emerging evidence for the role of MEK inhibitors in treatment of NRAS-mutant melanoma. Ascierto and colleagues presented the efficacy and safety data of MEK162 in patients with locally advanced and unresectable or metastatic cutaneous melanoma harbouring BRAFV600 or NRAS mutations at the American Society of Clinical Oncology (ASCO) 2012 meeting [Ascierto et al. 2012 ]. This is the first targeted agent to demonstrate any clinical activity in patients with NRAS-mutant melanoma. Out of 13 patients with NRAS-mutant melanoma evaluable for efficacy, three had a PR (two confirmed and one unconfirmed) and four had SD.
c-KIT c-KIT (CD117) is a receptor tyrosine kinase that is mutated in up to 10% of melanomas arising in acral, mucosal or chronically sun damaged skin [Curtin et al. 2006; Jiang et al. 2008; Minor et al. 2012 ]. Mucosal and acral melanomas represent less than 5% of all melanomas in white people compared with over 70% in Asian populations . Many oral tyrosine kinase inhibitors (TKIs) are currently under evaluation in advanced melanoma, for example, imatinib, dasatinib, nilotinib and sunitinib, and are discussed below:
Imatinib was evaluated in three phase II trials that did not show any clinical efficacy [Ugurel et al. 2005; Wyman et al. 2006; Kim et al. 2008 ]. However, patients with c-KIT mutations were not enrolled in these studies. Two subsequent phase II studies requiring c-KIT mutations for enrolment revealed different results. Carvajal and colleagues reported an RR of 16% with a median time to progression of 12 weeks and a median OS of 46.3 weeks [Carvajal et al. 2011] . The second study enrolled 43 patients with c-KIT-mutated metastatic melanoma and demonstrated a RR of 23.3% and median OS of 14 months, with 51% alive at 1 year [Guo et al. 2011] .
A phase II study evaluating the predictive role of KIT activation for response to treatment with sunitinib was recently reported [Minor et al. 2012 ]. Of the four evaluable patients with KIT mutations, one had a complete remission for 15 months and two had PR lasting 1 and 7 months.
In contrast, only one PR was seen in six patients with KIT amplification or overexpression. Responses were seen within 6 weeks of starting sunitinib. Two patients received less than 2 weeks of therapy with sunitinib either due to toxicity or rapid disease progression. In an exploratory overall survival analysis, presence of a KIT mutation was found to be an adverse prognostic factor for patients with advanced melanoma with a poor OS (p < 0.0001). The median OS was 6 months for patients with KIT mutation compared with 13 months for those with BRAF metastatic melanoma, 16 months for those with NRAS mutation and 17 months for patients with wild-type metastatic melanoma. Lack of central pathology review was a weakness of this study.
A phase II study of dasatinib in a molecularly unselected population of patients with advanced melanoma demonstrated two partial responses lasting 24 weeks or more out of 36 patients evaluable for response [Kluger et al. 2011] . Nilotinib is a second-generation TKI with a similar potency as imatinib against c-KIT. It is currently being evaluated in multiple phase II studies [ClinicalTrials. gov identifiers: NCT01395121, NCT01099514, NCT01168050, NCT00788775].
Results from the above-mentioned studies indicate that responses to treatment with different TKIs are highly variable and patients with specific KIT mutations, particularly exon 11 and exon 13, are more likely to benefit from treatment. Therefore, not all patients with KIT mutations (for example exon 9, 17 and 18) respond to treatment with TKIs, highlighting the heterogeneity of these mutations. This is in contrast to BRAF mutations which are more homogeneous with more than twothirds being V600E type [Long et al. 2011] .
GNAQ/GNA11
Uveal melanomas lack mutations in c-KIT, NRAS and BRAF. However, they harbour unique activating mutations in the G-protein GNAQ/ GNA11. These mutations lead to constitutive activation of the MAP kinase pathway [Van Raamsdonk et al. 2009 ]. About 45 % of uveal melanomas exhibit GNAQ mutations and up to 60 % exhibit GNA11 mutations and these are mutually exclusive [Onken et al. 2008; Bauer et al. 2009; Van Raamsdonk et al. 2009 . Currently there are no therapeutic agents targeting these mutations.
Protein kinase C (PKC) is a component of the GNAQ to ERK pathway [Koivunen et al. 2006 ]. Therefore inhibition of PKC might regulate GNAQ mutation mediated MAP kinase activation. In a preclinical study, uveal melanoma cells carrying wild-type or mutant GNAQ were treated with the PKC inhibitor enzastaurin [Wu et al. 2012] .
Enzastaurin demonstrated activity against uveal melanoma cells carrying GNAQ mutations through inhibition of the PKC/ERK pathway and induction of G1 arrest and apoptosis. A phase I study (AEB071) is currently evaluating the role of another PKC inhibitor (sotrastaurin) in the treatment of advanced uveal melanoma [ClinicalTrials.gov identifier: NCT01430416].
Monosomy 3 is one of the most powerful independent predictors of metastasis and poor outcome in uveal melanoma [Prescher et al. 1996 ].
Harbour and colleagues identified inactivating somatic mutations in the gene encoding BRCA1associated protein 1 (BAP1) on chromosome 3p in 26 of 31 (84%) metastatic uveal melanoma tumours [Harbour et al. 2010] . Recent evidence suggests that germline BAP1 inactivating mutations are associated with both metastatic and hereditary uveal melanoma [Njauw et al. 2012] .
In summary, aberrant activation of the MAP kinase pathway has been demonstrated in melanoma. Oncogenic mutations along the MAP kinase pathway have been discovered in varying frequencies in different melanoma subtypes. Drugs specifically targeting these mutations (BRAF, MEK/c-KIT) have been evaluated in phase II/III studies with encouraging results. Unfortunately most patients eventually become resistant to these agents and develop progressive disease.
Mechanisms of resistance
Clinical resistance to BRAF inhibitors is almost universal and can be primary or secondary.
Primary resistance occurs in less than 15% of patients treated with BRAF inhibitors Flaherty et al. 2010; Kefford et al. 2010; Sosman et al. 2012 ]. However, secondary resistance, when the disease progresses after an initial response, occurs in the majority of patients [Flaherty et al. 2010] . Preclinical and clinical studies suggest multiple mechanisms of resistance that may occur upstream or downstream of BRAF along the MAP kinase pathway, bypass signalling pathways or through abnormalities in CDK4/cyclin D1 [Corcoran et al. 2011] (Figures 1 and 2) . Data indicate that these resistance pathways are highly complex and are capable of both vertical and horizontal crosstalk.
Upstream mutations in NRAS (Q61K) can cause secondary resistance to BRAF inhibitor therapy through increased signalling via other RAF isoforms [Nazarian et al. 2010] . This leads to phosphorylation of both MEK and ERK despite adequate BRAF inhibition. Alternatively, melanomas can escape BRAF inhibition via receptor tyrosine kinase mediated activation of alternate pathways such as PDGFRβ [Nazarian et al. 2010] . PDGFRβ overexpression can cause tumour cells to become less dependent on ERK signalling and develop resistance to the antiproliferative effect of BRAF inhibitor therapy.
Preclinical data appeared to indicate that gatekeeper mutations conferred resistance to BRAF inhibitor (PLX4032) [Whittaker et al. 2010 ]. However, secondary gate keeper mutations were not identified in any of 16 tumour biopsies from 12 patients with clinically acquired resistance [Nazarian et al. 2010] . This is in contrast to resistance to inhibitors of epidermal growth factor receptor (non-small cell lung cancer), KIT (gastrointestinal stromal tumour) and Abl (chronic myeloid leukaemia), where secondary gatekeeper mutations appear to play a dominant role [Solit and Rosen, 2011 ].
Johannessen and colleagues identified COT/ MAP3K8 as a MAP kinase pathway agonist that drives resistance to RAF inhibition in BRAF (V600E) mutant melanoma cell lines [Johannessen et al. 2010 ]. COT activates ERK through MEK phosphorylation in a RAF-independent manner. In addition, COT is believed to play a role in de novo resistance in BRAF-V600E-cultured cell lines and acquired resistance in melanoma cells and biopsies obtained from patients at progression after treatment with BRAF/MEK inhibitors [Johannessen et al. 2010] . There is also evidence to suggest that COT may directly activate ERK, bypassing MEK, explaining lack of sensitivity to MEK inhibitor therapy [Solit and Rosen, 2011] .
A point mutation in MEK (MEK1), downstream of BRAF, was identified in a patient with resistant melanoma and conferred resistance against PLX4032 [Emery et al. 2009; Wagle et al. 2011 ]. However, different findings were recently reported PDGFRβ, platelet-derived growth factor receptor β; PI3Kinase, phosphoinositol 3 kinase.
by Shi and colleagues, who showed that MEK1mutant expression in BRAF melanoma cell lines did not alter ERK1/2 levels or sensitivity to BRAF/MEK inhibitors [Shi et al. 2012] . MEK1/2 exon 3 in melanoma tumours was sequenced at baseline and upon disease progression; concurrent somatic BRAF/MEK1-activating mutations were found in 5(16%) out of 31 baseline BRAF (V600K/E) mutant melanomas, and no MEK1 mutation was identified in biopsy specimens taken from patients with melanoma at the time of disease progression, except when it was already identified at baseline.
Poulikakos and colleagues explained the first resistance mechanism that involves a structural change in BRAF [Poulikakos et al. 2011 ]. They identified a BRAF splicing variant [p61 BRAF (V600E)] in the tumours of 6 of 19 patients. This variant lacks the RAS-binding domain and exhibits enhanced dimerization of RAF despite low levels of RAS activation compared with full length BRAF (V600E). Secondary resistance to BRAF inhibitors mediated by their variants is due to insensitivity of the enzyme to these agents. The generation of splicing variants is believed to be due to a mutation or epigenetic phenomenon. Another interesting finding noted by the authors was that these tumours retained sensitivity to downstream inhibition of MEK. Hence a combination of BRAF and MEK inhibitors could prevent or delay the development of resistance by this mechanism. In an another recent study, gain in BRAF (V600E) copy number (BRAF amplification) was described as a mechanism of acquired resistance in 4 out of 20 (20%) patients treated with a BRAF inhibitor [Shi et al. 2012 ].
There are emerging data to indicate that acquired resistance to BRAF inhibitors is often associated with reactivation of the MAP kinase pathway. This renders BRAF-inhibitor-resistant melanoma cells susceptible to the combination of BRAF and MEK inhibition [Alcala and Flaherty, 2012] . Preclinical data suggest improved efficacy and a lower frequency of skin lesions with the combination of BRAF and MEK inhibitors compared with treatment with BRAF inhibitors alone. However, a recent study by Gowrishankar and colleagues evaluating combined BRAF/MEKtargeted therapy in resistant melanoma cell clones indicates that the resistance mechanism are heterogeneous and combination BRAF/MEK therapy might not prevent the emergence of acquired resistance [Gowrishankar et al. 2012 ]. Safety and efficacy results of dabrafenib combined with trametinib from a phase I/II study in patients with BRAF inhibitor naïve metastatic melanoma (n = 77) were recently presented at the ASCO 2012 meeting Activated PI3K/AKT/mTOR pathway mediated bypass signalling can occur due to insulin like growth factor 1 upregulation [Gopal et al. 2010; Shao et al. 2010; Villanueva et al. 2010] or phosphatase and tensin homolog loss leading to disinhibition of this cascade [Paraiso et al. 2011] .
In summary, the resistance mechanisms to BRAFtargeted therapy are multiple and complex, occurring at different levels along the MAP kinase pathway. The evidence regarding different mechanisms of resistance is predominantly based on preclinical studies. Further research into identifying and prospectively validating these resistance mechanisms through longitudinal tumour biopsies taken from patients with melanoma is extremely important to help guide the development of further targeted therapies. Despite the identification of oncogenic pathways involved in the pathogenesis of malignant melanoma and the development of therapeutic agents that target them, there remain a number of challenges. These include an improved understanding of the resistance mechanisms, evaluation of targeted agents in combination and in the adjuvant setting, minimizing drug toxicities and research into new treatment options for patients who lack these mutations.
Immunotherapy in advanced melanoma
Melanoma is believed to be an immunogenic tumour. This is supported by the identification of tumour-infiltrating lymphocytes in resected melanoma specimens [Hadrup et al. 2009; Cipponi et al. 2011] , melanoma antigen-specific T cells in peripheral blood from patients with melanoma [Lee et al. 1999] , downregulation of major histocompatibility complex class I expression [Ahmad et al. 2004 ] and release of cytokines such as transforming growth factor β [Krasagakis et al. 1998 ]. Profound clinical responses have been demonstrated with immune-modulating agents such as IL-2 and adoptive T-cell transfer in a small proportion of patients with metastatic melanoma [Rosenberg et al. 1994 [Rosenberg et al. , 2011 Atkins et al. 1999 Atkins et al. , 2000 Hunder et al. 2008] . Spontaneous regression of metastatic disease has also been described in the literature, albeit rarely, and is speculated to be immune mediated [Kalialis et al. 2009 ]. There is renewed interest in immunotherapy with the discovery of immune checkpoint inhibitors and because of the historical observation that durable complete responses could be achieved with immunotherapy, as opposed to the short-to medium-term disease control achieved with targeted therapies.
CTLA4 is a member of the CD28:B7 immunoglobulin superfamily. It is normally expressed at low levels on the surface of effector and regulatory T cells [Alegre et al. 1996 ]. T cells autoregulate their activation through expression of CTLA4, which functions as a negative costimulatory molecule for the T cell [Harris et al. 1999; Melero et al. 2007 ]. Two anti-CTLA4 antibodies have been tested in phase III clinical trials: ipilimumab and tremelimumab.
Ipilimumab
Ipilimumab is a fully human immunoglobulin G1 monoclonal antibody that targets CTLA4 and thereby leads to T-cell hyper responsiveness with disinhibition of antitumour immunity. Ipilimumab was the first drug in the management of metastatic melanoma to demonstrate a survival benefit. It has been tested both in treatment naïve and in pretreated patients. Hodi and colleagues conducted a randomized phase III study of ipilimumab in previously treated patients with unresectable stage III or IV melanoma and demonstrated an improved OS compared with glycoprotein 100 peptide vaccine (gp100) [Hodi et al. 2010 ]. The median OS was 10 months among patients receiving ipilimumab plus gp100 compared with 6.4 months among patients receiving gp100 alone (HR for death 0.68, p < 0.001). The median OS with ipilimumab alone was 10.1 months (HR for death in comparison with gp100 alone 0.66, p = 0.003). There was no OS difference between the ipilimumab groups (HR with ipilimumab plus gp100 1.04, p = 0.76). The OS rates after 2 years for ipilimumab alone, ipilimumab with gp100 and gp100 alone were 23.5%, 21.6% and 13.7% respectively. There was no difference in median PFS in all groups at the time of first assessment of progression at 12 weeks but separation of the PFS curves was seen after that, with a 36% reduction in risk of progression with ipilimumab alone compared with gp100 alone (HR 0.64, p < 0.001).
The best ORR was observed in the ipilimumab alone arm (10.9%). Grade 3 or 4 immune-related AEs (irAEs) occurred in 10-15% of patients treated with ipilimumab compared with only 3% in the gp100 alone group. There were 14 deaths related to the study drugs (2.1%), seven of which were attributable to irAEs. A criticism of this study was lack of standard treatment in the control arm given that gp100 monotherapy does not seem to have any meaningful activity in metastatic melanoma.
Robert and colleagues conducted a second phase III trial of ipilimumab plus DTIC in previously untreated patients with metastatic melanoma with standard chemotherapy (DTIC alone) as the control arm ]. The median OS was significantly longer in the group receiving ipilimumab/DTIC than in the group receiving DTIC/placebo (11.2 months versus 9.1 months respectively, HR for death 0.72, p < 0.001). The survival rates were higher in the ipilimumab/DTIC arm at 1 year (47.3% versus 36.3%), 2 years (28.5% versus 17.9%) and 3 years (20.8% versus 12.2%) compared with DTIC/placebo. Grade 3 or 4 AEs occurred in 56.3% of patients treated with ipilimumab/DTIC compared with 27.5% treated with DTIC/placebo (p < 0.001). There was no treatment-related death in this study. In both the phase III studies with ipilimumab, the RR (CR/PR) was only 10-15%.
Monoclonal antibodies targeting CTLA4 can be associated with a variety of novel irAEs. They are not believed to be true autoimmune diseases as they typically resolve with cessation of ipilimumab and appropriate immunosuppressive therapy. The following major irAEs were reported in the second-line study: rash (43.5% any grade, 1.5% grade 3/4), diarrhoea/colitis (29.0% any grade, 7.6% grade 3/4), hepatitis (3.8% any grade, 0% grade 3/4), and the endocrine system (hypophysitis, thyroiditis, adrenal insufficiency; 7.6% any grade, 3.8% grade 3/4) ]. These irAEs were slightly different when ipilimumab was given in conjunction with DTIC. There was a higher incidence of hepatitis (most likely related to the addition of DTIC) (31.6% grade 3/4) but a lower rate of colitis (4.9% grade 3/4).
Downey and colleagues investigated various prognostic factors related to clinical response in patients with metastatic melanoma treated by anti-CTLA4 monoclonal antibodies [Downey et al. 2007] . They found that better clinical responses were observed in patients with grade 3/4 irAEs. Development of any irAEs was significantly associated with likelihood of clinical response (p = 0.0004). All patients with a complete response had more severe irAEs. Attia and colleagues also reported that patients experiencing grade 3/4 irAEs with ipilimumab therapy had a significantly higher rate of tumour regression than those without any irAEs (36% versus 5% of patients) [Attia et al. 2005] .
Corticosteroids are commonly used in the management of irAEs secondary to ipilimumab. However, concerns have been raised about the reduced efficacy of ipilimumab with the use of immunosuppressive corticosteroids. However, Downey and colleagues found that using corticosteroids to treat irAEs did not affect the duration of tumour response [Downey et al. 2007] . The efficacy of different doses of ipilimumab has also been evaluated. The initial phase III study used ipilimumab 3 mg/kg given every 3 weeks compared with a higher dose of ipilimumab 10 mg/kg used in combination with DTIC. Three different dosing schedules of ipilimumab were compared in a phase II trial [Wolchok et al. 2010] . A higher dose and an induction regimen consisting of 10 mg/kg every 3 weeks for 3 months along with a maintenance treatment of 10 mg/kg every 12 weeks starting at week 24 was compared with doses of 3 mg/kg and 0.3 mg/kg. The best ORR was 11.1% (95% CI 4.9-20.7) for 10 mg/ kg, 4.2% (0.9-11.7) for 3 mg/kg, and 0% (0-4.9) for 0.3 mg/kg (p = 0.0015; trend test). A dosedependent increase in irAEs of any grade was also seen with increasing dose of ipilimumab. A phase III study is currently underway to determine the best dosing schedule for ipilimumab [ClinicalTrials.gov identifier: NCT01515189].
Ipilimumab has been combined with other immunemodulating and targeted agents in attempts to improve its efficacy. A combination regimen of ipilimumab and high-dose IL-2 was evaluated in 36 patients [Prieto et al. 2010] . Six patients (17%) achieved a long-lasting CR (all over 5 years), and none of the patients relapsed. Moreover, there was no increase in side effects compared with high-dose IL-2 alone, which in itself is considered toxic and is usually offered only to young patients with good performance status and no major comorbidities.
A combination of ipilimumab and temozolomide was tested in a phase II trial and resulted in an overall disease control rate (CR/PR and SD) of 67%, higher than that observed in other studies of either agent alone [Patel et al. 2011] . A phase I study testing the combination of ipilimumab and bevacizumab resulted in a RR of 36% and overall disease control rate of 67% . However, the incidence of irAEs also increased with this combination. While these phase I/II studies possibly indicate improved efficacy of ipilimumab in combination with other agents, further randomized data will need to address the efficacy and safety with combination therapy.
Tremelimumab
Tremelimumab is a fully human IgG2 monoclonal antibody that also targets CTLA4. The half life of tremelimumab is longer than ipilimumab, so its dosing schedule is less frequent. The recommended phase II dose for tremelimumab is 15 mg/kg every 3 months based on the results from a phase I/II study [Camacho et al. 2009 ]. Despite durable responses in a minor subset of patients with metastatic melanoma in phase I/II trials, further development of tremelimumab has been halted as it failed to demonstrate an improvement in OS in a phase III study as a first-line treatment in patients with metastatic melanoma when compared with chemotherapy (DTIC or temozolomide) [Ribas et al. 2008 ]. However, these results may have been negatively influenced by the relatively short follow up in this study and by the unintentional crossover of patients in the control arm who may have had subsequent access to ipilimumab in other clinical trials. Updated interim results in 2010 demonstrated a nonsignificant trend in OS in favour of the tremelimumab arm (p = 0.14) [Marshall et al. 2010 ].
The clinical response patterns to immunotherapy differ to those of cytotoxic chemotherapy. In some cases after an initial apparent increase in tumour burden or the appearance of new lesions, a late response can be observed on the subsequent scans. This may be due to initial inflammatory infiltrate causing an apparent increase in the tumour volume. Response Evaluation Criteria In Solid Tumours or World Health Organization criteria designed to detect early effects of chemotherapy may therefore not be the ideal methods to assess response to immunotherapeutic agents. Immune-related response criteria (irRC) have been proposed to assess the response to immunotherapy with ipilimumab [Wolchok et al. 2009 ]. Four distinct response patterns can be seen and all have been associated with favourable survival:
(1) Response in baseline target lesions without new lesions.
(2) Response in baseline target lesions in presence of new lesions. (3) Response after an initial increase in the tumour burden. (4) Durable SD followed by a slow and steady decline in tumour burden.
Importantly, the irRC factors take into account the patient's total tumour burden and require confirmation of suspected disease progression with a subsequent scan at least 4 weeks apart.
Novel agents
Programmed death-1 (PD-1) receptor is another negative immune checkpoint molecule and a promising therapeutic target currently under evaluation. PD-1 receptor is expressed on T cells after activation, and its ligands, PD-L1 (B7-H1) and PD-L2 (B7-DC), are expressed on tumour cells, antigen-presenting cells, and other cells in the tumour microenvironment [Freeman et al. 2000; Hirano et al. 2005 ]. The interaction of PD-1 with its ligand is thought to induce T-cell apoptosis [Dong et al. 2002] .
Anti-PD1 (BMS-936558) has shown encouraging results in phase I studies. In a recently reported phase I study, the RR was 28% among patients with melanoma (26 of 94 patients) ]. These responses were durable with 13 of 26 responses lasting 1 year or more. In another phase I study with anti-PD L1 antibody, response was observed in 9 of 52 patients with melanoma ]. Responses lasted for 1 year or more in five of nine patients with melanoma who responded to treatment. Grade 3 or 4 toxic effects related to treatment occurred in 9% of patients. These agents are also associated with novel irAEs but their severity appears to be less compared with monoclonal antibodies targeting CTLA4.
Future research will focus on improving the riskbenefit of immunotherapy by understanding biomarkers predictive of response and irAEs, thereby enabling improved patient selection. Various combination therapies targeting different immune checkpoints and oncogenes are being evaluated in an effort to improve the efficacy. In addition, ipilimumab is being evaluated in high-risk early stage disease and in combination with radiotherapy.
Conclusion
Research into oncogenic pathways and immune checkpoints has greatly increased our understanding of the mechanisms involved in the pathogenesis of malignant melanoma, and importantly, has led to new therapies for advanced melanoma. Two novel therapies which target either signal transduction pathways or immune check points have, for the first time, led to an improvement in OS and provide significant palliative benefit for patients with baseline target lesions. Besides this, a wider spectrum of patients with melanoma, including those with brain metastases (with both ipilimumab and BRAF inhibitors) and poor performance status (with BRAF inhibitors only), benefit from these agents compared with conventional chemotherapy. Newer agents in each class are expected to produce further improvements in clinical outcomes in this challenging disease. Future research will focus on identifying the mechanisms of resistance to such treatments and how these might best be overcome, including the rational use of drug combinations, and the identification of biomarkers predictive of treatment response. Ultimately, it is hoped that the ability to select patients for treatment based on molecular targets, in both the advanced and adjuvant disease settings, might lead to long-term disease control or even cure of metastatic melanoma in a significant proportion of patients.
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